Homeostasis implies a balance between cell growth and cell death. This balance is essential for the development and maintenance of multicellular organisms. Homeostasis is controlled by several mechanisms including apoptosis, a process by which cells condemned to death are completely eliminated. However, in some cases, total destruction and removal of dead cells is not desirable, as when they fulfil a specific function such as formation of the skin barrier provided by corneocytes, also known as terminally differentiated keratinocytes. In this case, programmed cell death results in accumulation of functional cell corpses. Previously, this process has been associated with apoptotic cell death. In this overview, we discuss differences and similarities in the molecular regulation of epidermal programmed cell death and apoptosis. We conclude that despite earlier confusion, apoptosis and cornification occur through distinct molecular pathways, and that possibly antiapoptotic mechanisms are implicated in the terminal differentiation of keratinocytes.
Introduction
Homeostasis within an organism is maintained through different forms of programmed cell death. Programs such as apoptosis, necrosis or autophagy ultimately result in the elimination of particular cells from a tissue. However, in specialized forms of differentiation, dead cell corpses are not removed but maintained to fulfil a specific function. These developmental cell death programs result in the production of differentiated 'storage' cells containing large amounts of specific proteins or other substances. Examples of such differentiation programs occur in the stalk of the slime mold Dictyostelium, during xylogenesis in plants, erythrocyte differentiation, lens fiber formation and cornification of keratinocytes in the skin.
Both apoptosis and keratinocyte cornification share some similarities at the cellular and molecular level, such as loss of an intact nucleus and other organelles, cytoskeleton and cell shape changes, involvement of proteolytic events and mitochondrial changes. The aim of this review is to compare these crucial events, taking place in both keratinocyte differentiation and apoptosis and to summarize the current evidence that supports the idea that both forms of cell death are distinct processes.
General features of keratinocyte apoptosis and cornification
The rapid process of apoptosis, accomplished within a few hours in individual cells, has been extensively studied and characterized during the last decade ( Figure 1 ). During the course of apoptosis, the function of organelles ceases, but the organelles themselves are not degraded. The plasma membrane remains intact preventing leakage of the cellular content into the environment. Membrane blebbing results in formation of separate apoptotic bodies that are finally recognized and phagocytozed by macrophages or neighboring cells.
All components required for apoptosis are present in keratinocytes. UVB irradiation acts as a physiological trigger to induce apoptotic or 'sunburn' cells in the skin, occurring mainly in the proliferative basal layer. 1 The reason for the increased resistance of suprabasal keratinocytes to UVBinduced apoptosis is not clear. Although, it has been shown that Bcl-x L , which is normally localized in the suprabasal layers, cooperates with the antiapoptotic PI3K-Akt pathway to enhance keratinocyte survival upon UVB irradiation.
2 UVBinduced apoptosis entails a complex network of signaling pathways activated in response to DNA damage and receptor clustering ultimately converging in the activation of caspases, which are the final executioners of UVB-induced cell death.
(DISC). 5 Indeed, in Fas ligand-deficient mice, sunburn cell formation is reduced. 6 Caspase-8 is activated by Fas-associated death domain (FADD)-mediated recruitment to the Fas DISC. Once released from the complex, it cleaves the Bcl-2 family member Bid. Truncated Bid translocates to the mitochondria where it induces cytochrome c release. Bid can also be cleaved by postmitochondrial-generated caspase activity in UVB-irradiated keratinocytes, 7 thereby creating a proapoptotic amplification loop. In accordance, Bcl-2 overexpression led to the protection against UVBinduced apoptosis in these cells, indicating that mitochondrial damage is decisive for the progression of the apoptotic process. Cytochrome c release leads to the activation of the apoptosome, an oligomeric complex of Apaf-1 (apoptosis activating factor 1) and caspase-9, resulting in the amplification of the caspase cascade leading to cell death. Interestingly, UVB irradiation induces, in a p53-dependent way, enhanced expression of Apaf-1 in keratinocyte cultures. 1 UVB irradiation induces DNA damage and thereby also activates the intrinsic cell death pathway that leads to mitochondrial damage and cytochrome c release in a receptor-independent way. p53 and Bax are major players in the intrinsic pathway and the mitochondria act as the integrating sensors controlling the apoptosome-mediated activation of caspase-9. 8 DNA damage leads to the stabilization of p53 and subsequent induction of Puma and Noxa, both proapoptotic members of the Bcl-2 family. Probably, Puma and/or Noxa target and activate Bax after UVB irradiation, but this has not been confirmed yet by genetic studies. The conformational change and redistribution of Bax from the cytoplasm to the outer mitochondrial membrane induces mitochondrial cytochrome c release and is of major importance in UVB-induced apoptosis. 9 Recently, it has been shown that p38 MAPK is required for the UVB-induced Bax conformational change and translocation. 9 In keratinocytes, the b1-integrins mediate adhesion to the extracellular matrix, and also regulate the initiation of terminal differentiation and cell-detachment apoptosis or anoikis. Epidermal keratinocytes differentiate when they detach from the basement membrane and migrate to the suprabasal layers. This differentiation signal is transduced by unoccupied b1-integrins. 10 In experimental keratinocyte suspension cultures, unoccupied b1-integrins can also induce an apoptotic signaling cascade resulting in upregulated Bax expression and mitochondrial damage. 11 However, since apoptosis can occur without evidence of differentiation and vice versa, these processes do not seem to be interdependent. 11 In addition, apoptosis does not occur spontaneously in the epidermis when the keratinocytes detach from the basement membrane, migrate to the suprabasal layers and start to differentiate. (7) Chromatin and cytoplasm undergo condensation, internucleosomal DNA cleavage occurs, the cytoskeleton is dismantled, the cell membrane 'invaginates', and apoptotic bodies are formed. Organelle damage results in release of molecules such as cytochrome c from mitochondria into the cytosol. In contrast, the plasma membrane remains intact avoiding cytoplasm leakage to the environment. (8) Finally, apoptotic bodies are phagocytozed and degraded inside lysosomes Cornification is a slow coordinated process that takes about 2 weeks (Figure 1 ), occurs simultaneously in the different suprabasal layers of the epidermis and requires the consecutive expression of typical differentiation-associated proteins. 12 A keratin filament network is formed and at the transition from the granular to cornified layer, other structural proteins are crosslinked to this protein network. 13 The keratinocytes become metabolically inactive, the organelles are degraded and the resulting fully differentiated squames are flattened dead cells that resemble 'protein sacs' consisting of more than 80% keratins crosslinked to other cornified envelope proteins.
14 During assembly of the epidermal cornified cell envelope, the plasma membrane fuses with the membranes of the lamellar bodies. 15 The latter contain lipids that eventually replace the original plasma membrane and play a role in water maintenance. Ultimately, corneocytes are sloughed into the environment. In contrast to apoptotic cells, corneocytes are not phagocytozed by other cells. 16 In addition to the interfollicular epidermis, the hair follicle and sebaceous gland, both epidermal derivatives, are also the result of keratinocyte differentiation. The hair follicle consists of an outer root sheath, continuous with the epidermis, which surrounds the hair follicle. Differentiation of the hair shaft is established by the horizontal movements of cells from the basal layer of the outer root sheath to the center of the follicle. The innermost regions of the developing hair follicle become the cortex and cuticle of the hair fiber, while the outer layers become parts of the inner root sheath that covers the hair shaft. Upon hair follicle differentiation, cells forming the cortex, cuticle and inner root sheat keratinize and eventually undergo terminal differentiation and programmed cell death. 17 This type of cell death is different from apoptosis that is occurring during the regression phase (catagen) of the hair follicle. 18 The sebaceous gland is localized on the lateral wall of the hair follicle. Increased cell volume, accumulation of lipid droplets in the cytoplasm and nuclear degeneration are phenomena indicating terminal differentiation of sebocytes. Sebocyte differentiation eventually leads to holocrine secretion and cell death. 19 However, the molecular pathways leading to sebocyte elimination are still unknown.
Cytoskeleton rearrangements
Apoptosis occurs in individual cells surrounded by viable neighboring cells and can be clearly identified by specific morphological changes. Among the striking features are membrane ruffling and blebbing, and loss of focal adhesion sites eventually resulting in the formation of apoptotic bodies and detachment from the substratum. These changes in cell shape require extensive remodeling of the cytoskeleton. Cytokeratin 18 is phosphorylated at a serine residue and cleaved after an aspartate residue during apoptosis and is cleaved in vitro by executioner caspase-3, -6 and -7. 20 However, cytokeratin 18 is not expressed in the epidermis. 21 Other intermediate filament proteins, such as lamin A (nuclear) and vimentin (cytoplasmic), are also substrates for apoptotic caspases. 22 Actin is a substrate for caspases during apoptosis and overexpression of actin fragments induces an apoptotic morphology. 23 Membrane blebbing requires the phosphorylation of myosin light chain, a substrate of Rho kinases (ROCKs). During apoptosis, ROCKI, but not ROCKII, is cleaved and activated by caspase-3 and it has been suggested that ROCKI is implicated in apoptotic blebbing. 24 Taken together, these different observations indicate that apoptosis leads to dismantling of the cytoskeleton.
As cornification is associated with sheet formation and stratification, cytoskeleton reorganization is not restricted to individual cells, but orchestrated across the entire epithelial sheet. The actin filament network becomes associated with adhesion structures during differentiation, starting at the apical surface of epidermal layers. Using mutant ROCKI or ROCK inhibitors, it was shown that ROCK activity is required to establish a higher-ordered architecture of the actin cytoskeleton during the initial steps of epidermal sheet formation. 25 Since active, processed caspase-3 is not detectable in normal newborn or adult skin, 26, 27 it is unlikely that caspase-3 is involved in ROCKI activation during epidermal differentiation. These findings also indicate that ROCKI activity probably requires an apoptotic environment to induce membrane blebbing. ROCK inhibition also results in inhibition of keratinocyte terminal differentiation and an increase in keratinocyte proliferation. 28 Accordingly, ROCKII activation induced cell cycle arrest and the expression of terminal differentiation markers. These results indicate that ROCK plays a critical role in regulating the balance between proliferation and differentiation in human keratinocyte cultures.
Keratins are the major components of the keratinocyte cytoskeleton. Five different types of keratins can be distinguished, of which type I and type II keratins are the major groups. Polymerization of keratins results in heteropolymers of type I and type II keratins. Strikingly, all type I keratins except the epidermal keratins 9 and 10 contain a conserved caspase cleavage site. 22 However, these keratins are not cleaved during epidermal differentiation and it is even not clear whether the specialized epidermal keratins are cleaved in apoptotic conditions. Undifferentiated keratinocytes specifically express keratins 5 and 14, while the outer layers of the epidermis express keratins 1, 2, 9 and 10. The importance of keratins for the structural integrity and barrier function of the skin is demonstrated by inherited skin disorders caused by keratin mutations, and keratin knockout mice or mice expressing keratin mutants. 29 In addition, it is of major importance for the epidermal architecture that extensive intercellular contacts are maintained by means of specialized structures such as desmosomes (connecting the intermediate filament network of neighboring cells) and adherens junctions (connecting the actin network of neighboring cells). 30 These findings support the cardinal role of the maintenance of the structural integrity of the keratin cytoskeleton and adhesion complexes for the epidermal structure. They indicate that it would be deleterious to activate the apoptotic caspase cascade, as it would cause disintegration of the cytoskeleton and intercellular organization of the keratinocytes, as occurs in other types of cells condemned to death by apoptosis.
Nuclear events
A common feature of apoptosis and cornification is the destruction of the nucleus. However, this event occurs by different molecular mechanisms in the two processes. Nuclear degradation during UV-induced apoptosis is marked by internucleosomal DNA cleavage executed by caspaseactivated DNAse (CAD). 31, 32 Defects in nuclear degradation during epidermal cornification were not reported in CADdeficient mice. 31 The nucleus is not completely degraded during apoptosis, as nuclear fragments are detectable in the apoptotic bodies that are cleared by uptake by other cells. The DNA is further broken down after engulfment. 31 The nuclei of cornifiying keratinocytes do not show chromatin condensation or DNA laddering. 33 In addition, TUNEL-positive cells are observed only sporadically in the adult epidermis. 32 Finally, the nuclei completely disappear and no nuclear fragments or remnants remain in the corneocytes. The DNAse responsible for DNA degradation during keratinocyte cornification has not been identified so far. In the embryonic epidermis (15.5 dpc), but not in newborn or adult epidermis, caspase-3 becomes upregulated by Notch-1, gets activated by an unknown mechanism and seems to be involved in keratinocyte differentiation. 27 Hence, one could speculate that CAD activation and internucleosomal DNA degradation would render differentiating keratinocytes TUNEL positive. Intriguingly, TUNEL positivity was not decreased in caspase-3 knockout embryonic epidermis compared to the wild type. 27 Nuclear destruction during keratinocyte differentiation clearly differs from nuclear degradation observed during apoptosis. During apoptosis, several structural nuclear proteins, such as lamins, are degraded by caspases leading to nuclear collapse. 34 The pathways leading to nuclear breakdown during cornification remain elusive. Desquamin is the sole epidermis-derived protease activity, described to date, which has been proposed to be involved in this event. Desquamin, originally discovered as a lectin-like protein, is expressed in the transition zone between the granular and cornified layer. 35 Desquamin is able to degrade isolated nuclei, 36 leaving nuclear inclusions intact while degrading the surrounding basophilic nuclear matrix. This could make the DNA more prone to DNAse activity in cells. However, despite the fact that desquamin activity has been described more than 10 years ago, the molecular identity of this enzyme remains to be determined.
Transcription factors p53 family
The p53 transcription factor family contains three members: p53, p63 and p73 (Figure 2) . 37 The number of UVB-induced sunburn cells in p53 À/À mice is only B20% of those observed in wild-type mice, indicating a crucial role of p53 in UVBinduced apoptosis. 38 Mice expressing mutant p53 or those deficient in p53 develop normally and epidermal formation is not impaired, suggesting that there is no role for p53 in cornification. However, these mice are more sensitive to induction of squamous cell carcinoma after chronic UVB irradiation. 39 p63-deficient mice have defects in the formation of limbs and skin, and lack hair follicles and teeth. 40 The crucial role of p63 in epidermal differentiation is evident from the fact that p63 À/À mice have no keratinocytes at all. In wild-type mice, the epidermal expression of a transactivation-deficient p63 isoform, which can inhibit p53-transactivating activity, decreases dramatically after UVB irradiation. In accordance, transgenic overexpression of a transactivating-deficient p63 isoform in mice decreases the UVB-induced apoptotic response in the epidermis. 41 The results with the transgenic mice suggest that downregulation of transactivating-deficient p63 may be required for an optimal UVB-mediated apoptotic response. As in the case of p63, overexpression of p73 in keratinocytes results in promoter activation of loricrin, involucrin and transglutaminase I (TG1). 42 However, developmental defects in p73-deficient mice are related to neuronal differentiation and not to skin abnormalities. 43 In summary, members of the p53 transcription factor family play vital roles in signal transduction leading towards apoptosis and keratinocyte differentiation. However, there is no redundancy between the different family members. In apoptotic signaling, it is mainly p53 that is implicated, whereas keratinocyte differentiation requires p63 activity. Figure 2 p53 family members and their involvement in apoptosis and keratinocyte differentiation. The p53 transcription factor family contains three genes: p53, p63 and p73. 37 The domain structure of these family members is conserved. p63 and p73 contain, compared to p53, an additional PR (proline-rich) and SAM (sterile alpha motif) domain at their C-terminus. In addition, p63 and p73 have many different isoforms, generated by alternative splicing or promoter use, with distinct N-and/or Ctermini implicating the TA (transactivation), PR and SAM domain. The p63 gene is crucial for epidermal and ectodermal differentiation and this role is reflected in the identification of p63 as the causative gene in different diseases such as EEC (ectrodactyly-ectodermal dysplasia clefting), LMS (limb-mammary syndrome), AEC (ankyloblepheron-ectodermal dysplasia-clefting), ADULT (acro-dermato-ungual-lacrimal-tooth) syndrome and SHFM (split hand/foot malformation) 124 Apoptosis
NF-jB
Disruption of the NF-kB pathway by synthetic inhibitors or a dominant negative form of IkBa renders keratinocytes more susceptible to apoptosis induced by TNFa, FasL or UV irradiation. 44, 45 In general, NF-kB activation results in protection against apoptosis by upregulating antiapoptotic genes such as members of the Bcl-2 family and cellular inhibitors of apoptosis (c-IAPs). In addition, NF-kB can also act as a positive regulator of cell cycle progression and it has been implicated in invasion and metastatic growth of tumor cells. Therefore, NF-kB has recently emerged as a major culprit in a variety of human cancers, mainly because of its ability to protect transformed cells from apoptosis. 46 NF-kB is not activated in proliferating epidermal cells, but p65 is activated and translocated to the nucleus upon differentiation. 47 In the epidermis, the expression of NF-kBdependent antiapoptotic proteins such as c-IAP-1, c-IAP-2, TRAF1 and TRAF2 is increased in differentiating keratinocytes. 44 In addition, transgenic overexpression of dominant negative IkBa in murine skin results in premature spontaneous cell death exhibiting apoptotic properties. 45 This suggests an important role for NF-kB in protection of keratinocytes against apoptosis when the cells undergo the program of cornification.
Furthermore, ablation of genes encoding proteins that regulate NF-kB signaling gives rise to different types of defects in skin formation. NF-kB activation occurs through phosphorylation and subsequent proteolytic breakdown of IkB (inhibitor of NF-kB). The kinase complex responsible for the phosphorylation contains IKKa, IKKb and the regulatory subunit IKKg/NEMO. IKKa deficiency in mice is associated with defects in epidermal differentiation, hair follicle formation and development of limbs and tail. 48 The epidermis is thickened, the upper layer is parakeratotic and it is not possible to distinguish a granular layer. However, it is important to note that the defects in epidermal differentiation in IKKa knockouts were demonstrated to be independent from its kinase activity that regulates NF-kB. 49 The differentiation abnormalities can be restored by grafting the IKKa À/À skin onto wild-type skin, suggesting that normal skin contains a soluble IKKa-regulated factor that controls keratinocyte differentiation. IKKb deficiency in the skin decreases the proliferation rate of isolated primary keratinocytes and impairs NF-kB activation in response to TNF or IL-1b. 50 However, skin-specific deletion of IKKb does not affect epidermal differentiation as such, nor does it lead to premature apoptosis during keratinocyte cornification, but rather disrupts immune homeostasis in the skin. 50 Mutations in the human X-linked gene encoding NEMO/IKKg are linked to the male-lethal skin disease incontinentia pigmenti. 51 Affected female neonates develop blisters and, paradoxically, an inflammatory response in the epidermis. This is followed by hyperkeratotic lesions that are eventually shed, leaving behind areas of hyperpigmentation in a pattern that respects the lines of Blaschko's. These lines represent a form of human mosaicism due to genetically distinct cell populations participating in epidermis formation. In the case of the X-linked NEMO gene, this may be due to random inactivation of one of the X chromosomes.
Disruption of the IKKg gene in mice results in a model for incontinentia pigmenti. 52 RIP4, a member of the RIP kinase family involved in NF-kB signaling, is crucial for normal epidermal differentiation, as RIP4 knockouts die shortly after birth due to abnormal keratinocyte differentiation. 53 The skin of these mice is thicker, and the outermost cornified layers are absent. Whether p65 is still translocated to the nucleus in suprabasal keratinocytes or whether NF-kB is still activated during skin differentiation remains to be determined. RIP4 is cleaved by caspases during Fas-induced apoptosis, and it has been suggested that this results in a C-terminal RIP4 fragment that blocks NF-kB-dependent expression of antiapoptotic proteins. 54 These transgene and knockout studies suggest that NF-kB signaling is required for normal keratinocyte differentiation. Its precise function may reside in protecting the cells from the classical apoptotic pathway through the induction of antiapoptotic mechanisms, allowing the cells to follow the terminal differentiation pathway towards the formation of a protective barrier. Remarkably, IKKa drives keratinocyte terminal differentiation in a kinase-and NF-kB-independent way.
Proteases
Protease activity is indispensable during both keratinocyte differentiation and apoptosis. However, different enzymes are implicated in these processes.
Caspases
Caspases are essential executioners of apoptosis. 55 Although different caspases are expressed in the adult epidermis (caspase-1, -2, -3, -4, -6, -7, -8, -9, -11 and -14), 26, 56 evidence that the proapoptotic caspases take part in normal skin formation is absent. Despite an early suggestion that caspase-3 is required for corneocyte formation, 57 several other data point out that apoptotic caspases are not activated during adult keratinocyte cornification. First, other research groups showed that caspase-3 and other apoptotic caspases remain unprocessed in differentiating keratinocytes. 26 Secondly, the use of caspase inhibitors to examine the involvement of proapoptotic caspases in keratinocyte cornification indicates that (i) when applied at 25 mM in organotypic skin cocultures, zVAD-fmk can block caspase-3 processing in UVB-induced apoptosis, but had no effect on keratinocyte differentiation that could be identified using light microscopy (Lippens S and Declercq W, unpublished data). However, application of broad-range caspase inhibitors at concentrations 4100 mM resulted in inhibition of keratinocyte cornification. 57 ,58 Yet, it is noteworthy that in the latter experiments the inhibitors were used at concentrations that also inhibit other proteases such as calpains and cathepsins. 59, 60 (ii) In vitro, calcium ionophore A23187-induced cornified envelope formation is not influenced by pretreatment of the cells with caspase inhibitors. 33 (iii) Subcutaneous injection of zVAD-fmk in murine models for systemic lupus erythematosus, a nonorgan-specific autoimmune disease in which apoptotic cells in the skin are believed to be the source of self antigens, had an inhibitory effect on the number of apoptotic cells in the epidermis and dermis, but did not change skin formation in general. 61 Taken together, these data suggest that proapoptotic caspases are not involved in keratinocyte cornification.
Remarkably, it was recently suggested that caspase-3 is involved in differentiation of embryonic keratinocytes. 27 Embryonic keratinocyte differentiation is delayed in caspase-3 knockout mice, but newborn and adult skin formation is not affected. 27, 62 This finding suggests that activation of proapoptotic caspases is not necessarily correlated with apoptosis, but can be part of a differentiation pathway. PKCd, a positive regulator of keratinocyte differentiation that can be activated by caspase-3 cleavage, is cleaved and activated during growth and differentiation of embryonic keratinocytes. 27 However, it remains to be determined whether these cleaved PKC-d products are absent in caspase-3-deficient mice. Although caspase-3 may be involved in the commitment of embryonic keratinocytes to convert from proliferation to differentiation, it is not required for the differentiation program that engages cornification and constant renewal of the epidermis. 27 Importantly, one member of the caspase family, the nonapoptotic caspase-14, seems to be expressed and processed in association with keratinocyte differentiation. 26, 63 The expression of caspase-14 is highly restricted to the skin and some other epithelial layers such as the choroid plexus, the retinal pigment epithelium and Hassall's bodies. 64 In the skin, caspase-14 expression occurs in the differentiating suprabasal cells (Figure 3) . 26, 63, 64 Activation of caspase-14 is associated with stratum corneum formation, and active caspase-14 was shown to be present in stratum corneum extracts, 63, 65, 66 suggesting a role for caspase-14 during keratinocyte cornification. Interestingly, caspase-14 expression is reduced in the parakeratotic regions in psoriatic patients. 65 To date, no caspase-14 substrates have been identified. However, recently, it was shown that processed caspase-14 preferably recognizes the WEHD tetrapeptide motif, a preference shared with caspase-1. 67 This observation is in accordance with the fact that in a phylogenetic analysis, caspase-14 was classified as an inflammatory caspase. 55 It remains to be determined whether caspase-14 could act as a cytokine activator, as other inflammatory caspases do. Caspase-14 is processed in vivo at Ile152, 68 implying that caspase-14 is not activated by upstream caspases or by selfprocessing. The possible involvement of caspase-14 in skin differentiation will only become apparent once caspase-14-deficient mice become available.
Cathepsins
Cathepsins are implicated in both apoptosis and epidermal differentiation. Depending on the cell type and death trigger, pharmacological inhibition of cathepsin D can lead to blockage of cytochrome c release, caspase activation or delayed cell death. 69, 70 However, studies with cathepsin D knockout mice indicate a dual role for cathepsin D in apoptosis. On the one hand, cathepsin D-deficient fibroblasts are protected against etoposide-induced killing and on the other hand, cathepsin D seems to be required for metabolic maintenance and protection against apoptosis in retinal photoreceptor cells. 71, 72 In agreement with its role in cell survival, cathepsin D knockout mice suffer from intestinal necrosis and lymphoid organ destruction. 73 In differentiating keratinocytes, cathepsin D is involved in proteolytic processing of transglutaminase 1. In the skin of cathepsin D-deficient mice, formation of cornified envelopes is altered, resulting in a thicker stratum corneum with low expression levels of terminal differentiation markers such as involucrin, loricrin and filaggrin. 74 Cathepsin B-deficient mice show no release of cytochrome c during TNF-mediated hepatocyte apoptosis and liver injury, and present no aberrant skin phenotype, 75 suggesting that either cathepsin B is not implicated in skin differentiation or other cathepsins compensate for its function.
The importance of cathepsins in skin formation is also reflected in other cathepsin knockout studies revealing that normal epidermal homeostasis and hair follicle formation require cathepsin L. 76 The mutant furless and nackt mice, which show defects in hair follicle development, have an inactivating mutation in the cathepsin L gene. 76 Genetic mapping revealed that the mutations in the autosomal recessive Papillon-Lefevre syndrome, marked by premature tooth loss and palmoplantar keratosis, result in loss-of-function of the cathepsin C gene. 77 Furthermore, cathepsin L2 has been detected in stratum corneum extracts. 78 This protease seems to be activated during epidermal differentiation and secreted into the intercellular space. Schematic structure of procaspase-14 as compared to other short-prodomain caspases (human). 125 In general, these caspases have a prodomain ranging from 23 to 28 amino acids. There is currently no evidence that caspase-14 contains a prodomain. Note that human caspase-14 is not processed at a canonical Asp residue due to self-processing or cleavage by upstream caspases, but instead at Ile152. 68 (b) Expression of caspase-14 in adult murine epidermis. Caspase-14 is expressed in all suprabasal layers including the stratum spinosum (ss), the stratum granulosum (sg) and the stratum corneum (sc)
Calpains
Calpains are cytosolic neutral cystein proteases that are activated upon increased Ca 2 þ levels. Autoproteolytic cleavage of the enzymes further enhances their activity. Calpains are divided into two broad classes, ubiquitous and tissuespecific. In mammals, two major calpains exist: m-calpain (calpain I) and m-calpain (calpain II), activated in vitro by mM and mM Ca 2 þ concentrations, respectively. So far, no difference in the substrate specificity of the two isozymes has been found.
Reports on calpain activity during apoptosis are not consistent in their conclusions. Depending on the nature and severity of the apoptotic stimulus and the cell type studied, calpains seem to play both promoting as well as protective roles. [79] [80] [81] [82] Calpains can cleave several apoptotic proteins (e.g. Apaf-1, Bax, BID) and cytoskeletal proteins (e.g. fodrin, actin, vimentin and keratins), which are also substrates for caspases. 81, 83, 84 Furthermore, there exists also crosstalk between the calpain and caspase protease systems. Calpains mediate cleavage of caspases-3, -7, -8, -9 and -12 resulting in their activation or inhibition. [85] [86] [87] Despite the presence of calpains in the epidermis, no processing of proapoptotic caspases occurs. 26 There is also evidence that caspases can upregulate calpain activity through direct cleavage of calpastatin, the endogenous protein inhibitor of calpains. 88 Therefore, caspases were suggested to indirectly upregulate calpain activity. Most cell death systems leading to activation of calpains seem to produce an apoptotic-like morphology. 79 In addition, calpains can participate in plasma membrane permeabilization leading to secondary necrosis. 89 In the epidermis, where an increasing calcium gradient towards the skin surface exists, different cleavage events are calcium dependent. Both m-and m-calpain are present in the suprabasal layers of the epidermis. 90 Evidence for the involvement of calpains in keratinocyte differentiation is based on the use of synthetic calpain inhibitors that result in blocking of profilaggrin and TG1 cleavage. 91, 92 These observations could not be corroborated by genetic approaches because mice deficient in the regulatory subunit develop defects in vasculogenesis and erythropoiesis and die early during embryonic development, which impedes evaluation of the importance of this protease in epidermal differentiation. 93 m-Calpain-null mice have no apparent embryological or epidermal defects, suggesting that m-calpain compensates for m-calpain during development. 94 m-Calpain-deficient mice have not been generated so far.
Taken together, gene-targeting studies indicate that proteases involved in apoptosis do not necessarily participate in epidermal differentiation and vice versa. However, cathepsin D fulfils a role both in the apoptotic pathway and in keratinocyte cornification, probably by cleaving different substrates in both processes.
Mitochondrial factors and apoptosome formation
Mitochondria and the Bcl-2 family members play an important role during apoptotic cell death. 95 Upon keratinocyte terminal differentiation, the expression of the Bcl-2 family members is altered. The antiapoptotic Bcl-2 is expressed in undifferentiated keratinocytes, but it is downregulated when the cells leave the basal layer and start to differentiate. 96 Conversely, both proapoptotic Bax and Bak and the antiapoptotic Bcl-X L are expressed in the suprabasal layers of the epidermis. 2, 97, 98 Abnormalities in skin formation have not been reported for any of the Bcl-2 family member knockouts, 99 except for Bcl-2 knockout mice that have an altered hair follicle cyclus compared to wild-type mice. The first anagen phase or growth phase is retarded (5-6 weeks compared to 4 weeks) and graying occurs during the catagen or apoptosis-driven involution phase. 100 The graying is probably due to melanocyte apoptosis during the first catagen phase. Skin-specific bcl-2 transgenesis induces acceleration of the first anagen phase. 101 In these mice, keratinocyte differentiation is not affected, but upon exposure to UV light fewer apoptotic cells are observed. 101 These data indicate that Bcl-2 is important for keratinocyte apoptosis, but not for keratinocyte cornification. Epidermal specific overexpression of the antiapoptotic Bcl-X L and proapoptotic Bcl-X S , respectively, decreased and increased sensitivity towards apoptosis induced by UVB, 102 but general epidermal formation was not affected in these animals. Together, these results suggest that the program leading to keratinocyte differentiation does not involve the classical mitochondrial apoptotic pathway.
Although a drop in mitochondrial membrane potential and the release of cytochrome c during in vitro keratinocyte terminal differentiation has been reported, 58 these mitochondrial changes do not lead to a classical apoptotic phenotype. Instead, it was suggested that cytochrome c release during keratinocyte differentiation leads to transcription factor activation and gene expression. 103 Although Apaf-1 and caspase-9, both required for the formation of the apoptosome, are present in epidermal keratinocytes, 1, 44 cytochrome c release in differentiating keratinocytes did not result in apoptosis. This may be due to low levels of released cytochrome c or an increase in antiapoptotic proteins during keratinocyte differentiation. In this respect, the NF-kB signaling pathway is of major importance (see above). In addition, it has been reported that hsp70 and hsp90 are constitutively expressed in the epidermis. 104, 105 These two heat-shock proteins are both able to inhibit the apoptosome formation, 106, 107 and hsp70 can also antagonize the proapoptotic effects of apoptosis-inducing factor. 108 Overexpression of hsp70 can prevent UVB-induced apoptosis in an epidermal carcinoma line, 109 and hsp70-deficient mice are more susceptible to UVB-induced apoptosis. 110 Taken together, these observations may reflect the presence of strong antiapoptotic mechanisms, which may protect keratinocytes from environmental stress-induced apoptosis.
Transglutaminases
Keratinocyte cornification requires the involvement of transglutaminases, 111 enzymes with crosslinking activity. Upon Ca 2 þ -dependent activation, transglutaminases catalyze formation of e-(g-glutamyl)lysine bonds. Three types of transglutaminases are found in keratinocytes: transglutaminase I (TG1), transglutaminase III (TG3) and transglutaminase V (TG5). During cornified envelope formation, membrane-associated transglutaminase activity is found first, followed by cytoplasmic transglutaminase activity, whereas apoptotic keratinocytes exhibit only cytoplasmic transglutaminase activity. 33 TG1 is attached to the inner side of the plasma membrane and probably involved in the initial crosslinking during the cornification process. 112 Mutations of the human TG1 gene have been correlated with lamellar ichthyosis, a skin disorder caused by defects in the cornification program. 113 A similar phenotype is observed in mice lacking the TG1 gene. 114 These mice have defects in the formation of the epidermal barrier and the cornified envelopes, and die shortly after birth; however, no effects on apoptosis have been reported. TG2 knockout mice do not have any defects in the keratinocyte differentiation program, and its role in apoptosis remains unclear. 115 However, TG2 is also sporadically expressed in the basal layer of the epidermis, where it is involved in wound healing. 116 TG3 is a soluble enzyme believed to be responsible for the later phase of envelope assembly. 117 Although the expression pattern of TG5 is not restricted to the epidermis, it probably plays a role in cornified envelope assembly. 118 
Final destination of cell corpses
The very final stage of apoptosis is the uptake of apoptotic bodies by means of phagocytosis. To avoid inflammation, the cell membrane of apoptotic cells remains intact to prevent leakage of the cell contents. For the same reason, the fast and efficient 'clearance' of the apoptotic bodies is of great importance. Macrophages specifically distinguish apoptotic cells from other cells. This is accomplished by phosphatidylserine exposure, an early apoptotic event that allows recognition or uptake of the apoptotic cell by the macrophage. 119 Mutation analysis in Caenorhabditis elegans led to the identification of different genes crucial for engulfment of dead cells. One of these genes is ced-7, of which ATPbinding-cassette transporter 1 (ABC1) is the human homolog. 120 ABC1 is responsible for redistribution of phosphatidylserine at the plasma membrane. 121 The skin also contains phagocytosis-competent cells, the Langerhans' cells, which are elements of the adaptive immune system. These cells are responsible for antigen uptake, processing and presentation, upon which they migrate to the lymph nodes. However, Langerhans' cells do not phagocytoze terminally differentiated dead keratinocytes. 16, 122 The corneocytes remain attached to underlying skin for some time in order to fulfil the barrier function of the skin. In addition, it is currently not clear whether terminally differentiating keratinocytes expose PS at their surface. When the corneocytes are replaced by differentiating keratinocytes from the inward layers, the components of corneodesmosomes or desmosomes between the outermost corneocytes are proteolytically degraded by proteases that remained inactive until this very final stage of skin formation. 123 Finally, the detached cells are shed into the environment.
Conclusions
Taken together, both keratinocyte differentiation and apoptosis require DNA degradation, nuclear destruction and substantial proteolytic activity, and both lead to cell death. Nevertheless, the final outcomes of these two cell death programs are completely different. While apoptosis is a Figure 4 Apoptosis-related signaling molecules in epidermal differentiation. In basal keratinocytes, p63 maintains the proliferative potential of amplifying cells and controls stratification of the epidermis. 40, 126 Upon differentiation, the expression of the p63 isoforms is altered, a process that may be required for allowing terminal keratinocyte differentiation. 127 NF-kB becomes activated in the suprabasal keratinocytes and participates in the upregulation of antiapoptotic genes. IKKa is crucial for cornification, surprisingly this function is independent from its kinase activity and NF-kB-inducing capacity. 49 RIP4, a RIP family member involved in NF-kB signaling, is also essential for normal keratinocyte differentiation as RIP4À/À mice lack cornified layers. 53 ROCK family members stimulate the ordering of the actin cytoskeleton (ROCKI) and terminal keratinocyte differentiation (ROCKII). 25, 28 The expression pattern of Bcl-2 family members changes upon keratinocyte differentiation. Their role is not related to skin differentiation as such, but they participate in the control of cellular integrity upon exposure of the skin to damaging agents (e.g. UVB). Caspase-14 expression is upregulated during keratinocyte differentiation. 26, 63, 64 The activation of caspase-14, the only caspase that is activated in normal skin, is associated with epidermal cornification, but its precise role remains to be uncovered. During cornification, cathepsin D, among other proteases, can lead to the proteolytic activation of TG1. 74 TG1 crosslinks proteins and is important for the correct assembly of the cornified envelope. 113, 114 Desquamin, a protease of which the molecular identity remains to be determined, is expressed at the transition zone between the granular and cornified layer. It has been suggested that desquamin is involved in the degradation of the nuclear matrix. 36 Cathepsin L2 is secreted in the intercellular space and probably participates in the desquamation event suicidal program aimed at eliminating individual cells, programmed cell death during epidermal development results in cornification of the keratinocytes that remain and establish a tight barrier of dead cells protecting the organism from environmental insults. The molecular signal transduction pathways and crucial regulatory mechanisms of apoptosis and cornification of keratinocytes are clearly different. Similarities between both processes may lay in the fact that some proteins such as calpains, cathepsins, transglutaminases and transcription factors such as NF-kB and p53 family members participate in both signal transduction pathways (Figure 4) . However, profound differences can be found at several levels: (1) p53, a major integrator of nuclear damageinduced cell death, has no obvious role in epidermal differentiation, while for terminal keratinocyte differentiation p63 is crucial; (2) caspases, the key regulators of apoptosis initiation and excecution, apparently play no role in adult keratinocyte differentiation, except maybe for the nonapoptotic caspase-14; (3) cathepsin L and C are implicated in hair follicle development and epidermal differentiation, while cathepsin B-deficient mice show impaired TNF-induced apoptosis in the liver but present no apparent skin phenotype; (4) transglutaminases I, III and V participate in the formation of cornified envelopes, whereas TG2 may contribute to apoptosis and (5) NF-kB protects most cell types, including keratinocytes, from apoptosis. Interestingly, NF-kB seems required to mount an antiapoptotic program in suprabasal keratinocytes to allow them to undergo cornification and prevent premature apoptosis.
